Aim: Caveolin-1 (cav-1) is a major multifunctional scaffolding protein of caveolae. Cav-1 is primarily expressed in mesangial cells, renal proximal tubule cells and podocytes in kidneys. Recent evidence shows that the functional connections between cav-1 and ROS play a key role in many diseases. In this study we investigated whether regulating the functional connections between cav-1 and ROS in kidneys contributed to the beneficial effects of curcumin in treating diabetic nephropathy in vitro and in vivo. Methods: Cultured mouse podocytes (mpc5) were incubated in a high glucose (HG, 30 mmol/L) medium for 24, 48 or 72 h. Male rats were injected with STZ (60 mg/kg, ip) to induce diabetes. ROS generation, SOD activity, MDA content and caspase-3 activity in the cultured cells and kidney cortex homogenate were determined. Apoptotic proteins and cav-1 phosphorylation were analyzed using Western blot analyses. Results: Incubation in HG-containing medium time-dependently increased ROS production, oxidative stress, apoptosis, and cav-1 phosphorylation in podocytes. Pretreatment with curcumin (1, 5, and 10 μmol/L) dose-dependently attenuated these abnormalities in HG-treated podocytes. Furthermore, in HG-containing medium, the podocytes transfected with a recombinant plasmid GFP-cav-1 Y14F (mutation at a cav-1 phosphorylation site) exhibited significantly decreased ROS production and apoptosis compared with the cells transfected with empty vector. In diabetic rats, administration of curcumin (100 or 200 mg/kg body weight per day, ig, for 8 weeks) not only significantly improved the renal function, but also suppressed ROS levels, oxidative stress, apoptosis and cav-1 phosphorylation in the kidneys. Conclusion: Curcumin attenuates high glucose-induced podocyte apoptosis in vitro and diabetic nephropathy in vivo partly through regulating the functional connections between cav-1 phosphorylation and ROS.
Introduction
Diabetic nephropathy (DN) clinically manifests as progressively worsening albuminuria with a declining glomerular filtration rate [1] , which leads to end-stage renal disease (ESRD). Podocytes are terminally differentiated and highly specialized glomerular visceral epithelial cells that form part of the glomerular filtration barrier, which prevents urinary protein loss [2] . Several recent studies suggested that podocyte damage may play a key role in the pathogenesis of DN [3] [4] [5] . Thus, finding an effective therapy that protects podocytes from injury may provide a promising therapeutic modality for DN treatment.
Curcumin is the active ingredient of the dietary spice turmeric (Curcuma longa), and it has a wide spectrum of biological and pharmacological activities. Over the past 60 years, curcumin has been shown to have anti-inflammatory, antioxidant, pro-apoptotic and antiproliferative effects, providing medicinal benefits against numerous diseases [6] . Many of these effects limited the development of DN. Furthermore, treatment of diabetic rats with curcumin prevented diabetesinduced cell apoptosis, oxidative stress and kidney dysfunction [7, 8] . However, the mechanisms underlying the renoprotective effects of curcumin in DN remain unclear.
Several investigations have shown that high glucose (HG)-induced ROS production initiates podocyte apoptosis and www.nature.com/aps Sun LN et al Acta Pharmacologica Sinica npg podocyte depletion, which increases the urinary excretion of albumin [9] [10] [11] . In murine type 1 and type 2 diabetes models, podocyte apoptosis aggravates mesangial matrix expansion, podocyte depletion, and urinary albumin excretion, suggesting that podocyte apoptosis/depletion represents an early pathomechanism leading to DN [10] . Functional connections between caveolin (cav) and oxidative stress have emerged in several recent studies. The loss of caveolin-1 (cav-1) increases NO and/or reactive oxygen species (ROS) production [12] [13] [14] [15] . The association between mitochondria and oxidative stress has stimulated studies of the role of cav-1 in mitochondrial function and ROS. Cav-1 is phosphorylated at Tyr14 in response to a variety of stimuli, including high glucose, angiotensin II, insulin and oxidative stress [16, 17] . However, whether cav-1 or cav-1 phosphorylation is required for the HG-induced ROS production in podocytes is unknown.
Materials and methods

Cell culture and treatment
Conditionally immortalized mouse podocytes (mpc5) were obtained from Dr Peter MUNDEL (Mount Sinai School of Medicine, New York, USA). Podocytes were cultured in RPMI-1640 medium at 33 °C. After differentiation at 37 °C for 10-14 d without interferon-γ, the podocytes were used for the following experiments. The podocytes were treated with normal glucose (5.5 mmol/L) and HG (30 mmol/L) in the absence or presence of curcumin (1, 5, and 10 µmol/L).
Reactive oxygen species (ROS) detection ROS generation in podocytes was measured using the fluorescent probe dihydroethidium (DHE; Beyotime, Haimen, China). Podocytes were harvested, washed with serum-free RPMI culture medium and incubated with 5 µmol/L DHE at 37 °C for 30 min. Mean fluorescence intensity was used as a measure of ROS and was measured using a LSRFortessa Flow Cytometer (BD Biosciences, San Jose, CA, USA) with an excitation wavelength of 300 nm and emission wavelength of 610 nm. The ROS levels in snap-frozen (fresh-frozen) kidney sections (5 µm) were detected by the chemifluorescence method using assay kits (Genmed, Shanghai, China), according to the manufacturer's instruction. Fluorescence images were obtained using a Leica fluorescence microscope. The mean optical density of the images was analyzed using Pro-plus version 6.0 software.
SOD and MDA detection
Oxidative stress markers, including total superoxide dismutase (SOD) activity, and malondialdehyde (MDA) content, in cultured podocytes and kidney cortex homogenate were determined using assay kits (NJBC, Nanjing, China), according to the manufacturer's instruction.
Measurement of caspase-3 activity
Caspase-3 activity was measured with a caspase-3 activity assay kit (Beyotime, Haimen, China) according to the manufacturer's instructions. Cell lysates and kidney cortex homogenate were prepared after various designated treatments. Assays were performed in 96-well microtiter plates with 20 ng Ac-DEVD-pNA for 2 h at 37 °C. Caspase-3 activity was measured by cleavage of the Ac-DEVD-pNA substrate to pNA, the absorbance of which was measured at 405 nm.
Transfection
Green fluorescent protein (GFP)-tagged cav-1 Y14F (mutation at a cav-1 phosphorylation site) and an empty vector were constructed by GeneChem. The plasmids were transfected into podocytes using Lipo2000 (Invitrogen, USA) according to the manufacturer's protocol.
Animal experiments
Male Wistar rats (8 weeks of age) were obtained from the Animal Center of Shandong University and allowed 1 week of adaptation. The rats were fasted overnight before a single injection of STZ (60 mg/kg, Sigma-Aldrich, USA) via intraperitoneal injection to induce diabetes. Random blood glucose levels that were higher than 16.7 mmol/L for 3 continuous days were used to confirm diabetes. The Animal Ethics Committee of Shandong University reviewed and approved all protocols described in this study. The rats were randomly divided into seven groups as follows: Control group (normal, n=6) rats received neither STZ nor curcumin but received citrate buffer only (group 1); Cur group (n=6) rats received only an oral sample of curcumin at a dose of 100 mg/kg body weight per day (group 2); group 3, diabetic group; group 4, olive oil, 100 µL/100 g body weight; group 5, 50 mg curcumin/kg body weight; group 6, 100 mg curcumin/kg body weight; and group 7, 200 mg curcumin/kg body weight. Each rat was supplemented with the appropriate dose of buffer, olive oil or curcumin daily for 8 weeks by oral gavage. At the termination of the experiment, the rats were housed in metabolic cages for 24 h to collect urine, and the blood glucose levels were measured. All rats were sacrificed under pentobarbital (50 mg/kg) anesthesia to obtain kidney and blood samples.
Histopathological analysis
Renal tissues were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Sections of 4-μm thickness were prepared for periodic acid-Schiff (PAS) staining to assess the glomerular sclerotic injury. To estimate the extent of kidney damage, the specimen was imaged using a Leica microscope.
Western blot assay
Cell lysates and kidney cortex homogenate were rapidly lysed for protein isolation and analyzed as previously described [18] . The following primary antibodies were used in this study: rabbit polyclonal antibody to Bcl-2 (1:1000; Cell Signaling, USA); rabbit polyclonal antibody to Bax (1:1000; Cell Signaling, USA); rabbit polyclonal antibody to cleaved PARP (1:1000; Cell Signaling, USA); rabbit polyclonal antibody to phosphocaveolin-1 (Tyr14) (1:1000; Cell Signaling, USA); and rabbit polyclonal antibody to β-actin (1:1000; Bioworld Technology, USA). 
Statistical analysis
The results are presented as the mean±SEM. The statistical significance of differences between groups was determined using ANOVA followed by Student's t-test. Statistical significance was set at P<0.05. The data were analyzed using SPSS software (version 13.0; Chicago, IL, USA). All experiments were repeated at least three times.
Results
HG induced ROS production and oxidative stress in podocytes and curcumin inhibited HG-induced ROS production and oxidative stress ROS plays a key role in the pathogenesis of podocyte apoptosis in DN. We examined ROS, SOD and MDA in podocytes that had been treated with normal glucose or HG for 24, 48 and 72 h. Podocytes were incubated with various concentrations (1, 5, and 10 µmol/L) of curcumin for 1 h and then incubated with or without HG (30 mmol/L) for 72 h. HG induced ROS production in a time-dependent manner ( Figure 1A ), and pre-treating podocytes with curcumin reduced HG-induced ROS production in a dose-dependent manner ( Figure 1D ). Exposure of podocytes to HG resulted in a remarkable reduction in SOD activity ( Figure 1B ) and a dramatic increase in MDA levels ( Figure 1C) ; curcumin treatment prevented these changes in a dose-dependent manner ( Figure 1E, 1F ). Therefore, curcumin effectively inhibited HG-induced ROS production and oxidative stress.
HG-induced podocyte apoptosis and curcumin could inhibit HGinduced podocyte apoptosis Apoptotic cell death is one of the manifestations of podocyte injury in DN. Thus, we also examined Bax, Bcl-2, PARP, and (Figure 2A, 2B) , exposing podocytes to HG induced significant podocyte apoptosis in a time-dependent manner compared with exposure to normal glucose, whereas curcumin protected against HG-induced podocyte apoptosis partly by restoring the balance between Bax and Bcl-2 and the balance between PARP and cleaved PARP ( Figure 2D , 2E). Apoptosis was further verified by the measurement of caspase-3 activity. HG induced caspase-3 activation in a timedependent manner ( Figure 2C) ; however, treatment with curcumin significantly decreased caspase-3 activity ( Figure 2F ).
HG induced cav-1 phosphorylation at Tyr14 and pre-treatment with curcumin decreased the HG-induced increase in cav-1 phosphorylation at Tyr14 Many studies have demonstrated that the functional connections between cav-1 and ROS play a key role in many diseases. In our study, we found that HG could induce ROS production ( Figure 1 ) and podocyte apoptosis (Figure 2 ). And we also measured the levels of cav-1 and phosphorylated cav-1 in podocytes that were treated with normal glucose or HG for 24, 48 and 72 h. Although the cav-1 protein level did not significantly change, HG significantly induced cav-1 phosphorylation at Tyr14 ( Figure 3A , 3B). Podocytes were incubated with various concentrations (1, 5, and 10 µmol/L) of curcumin for 1 h and then incubated with or without HG (30 mmol/L) for 72 h. Pre-treatment with curcumin dose-dependently decreased the (Figure 3C, 3D ).
Phosphorylation of cav-1 could induce ROS generation and podocyte apoptosis under HG Coincident with the activation of ROS (Figure 1) , we also observed an increase in p(Y14) cav-1 but not cav-1 (Figure 3 ) under HG. The recombinant plasmid GFP-cav-1 Y14F (mutation at a cav-1 phosphorylation site) was transfected into podocytes to further evaluate the effect of cav-1 phosphorylation on HG-induced ROS generation and podocyte apoptosis. Then, the podocytes were stimulated by HG for 48 h. When the podocytes were transiently transfected with vectors containing the empty vector GFP-C1 or with GFP-cav-1 Y14F, we observed equal expression of the exogenous cav-1 proteins. GFP-cav-1 Y14F significantly decreased HG-induced ROS production ( Figure 4A ), increased SOD activity ( Figure 4B) and decreased the MDA level ( Figure 4C ) relative to those in cells transfected with the empty vector GFP-C1. Additionally, GFP-cav-1 Y14F also inhibited HG-induced podocyte apoptosis ( Figure 4D -4F) relative to that in cells transfected with the empty vector GFP-C1.
Curcumin improved the metabolic profiles and limited the renal histopathological abnormalities in diabetic rats The fasting blood glucose (FBG) level was significantly increased in STZ-induced diabetic rats (P<0.01 vs normal control rats; Figure 5A ). However, no difference in FBG levels was observed between the curcumin-treated and untreated STZ-induced diabetic rats. Compared to control rats, diabetic rats showed increases in the kidney weight-to-body weight ratio (KW/BW; Figure 5B ) and 24 h urine albumin excretion (UP; Figure 5C ) and a decrease in the endogenous creatinine clearance rate (Ccr; Figure 5D ) at 8 weeks after STZ injection. Administration of curcumin at 100 and 200 mg/kg per day dose-dependently reduced the KW/BW and UP and increased Ccr compared with that in the DM group. However, our results showed that curcumin at 50 mg/kg per day did not affect the KW/BW, UP and Ccr. The severity of kidney injury was investigated by PAS examination ( Figure 5E ). The glomerular accumulation of a PAS-positive matrix was prominent in the DM group compared with the control group. Matrix expansion was remarkably dose-dependently decreased in the curcumin-treated diabetic rats compared with that in the untreated rats.
Curcumin inhibited ROS levels and oxidative stress-related parameters in the kidney of STZ-induced diabetic rats ROS fluorescence staining of snap-frozen kidney sections was significantly increased in the DM group compared with the control group but was significantly and dose-dependently reduced in the curcumin group ( Figure 6A, 6B) . Moreover, curcumin significantly dose-dependently inhibited the oxidative stress in the renal cortex of diabetic rats through an increase in SOD activity ( Figure 6C ) and a decrease in the MDA content ( Figure 6D ).
Curcumin inhibited apoptosis in the kidneys of STZ-induced diabetic rats
To determine whether curcumin has an anti-apoptotic effect in vivo similar to the effect we found in vitro, we assessed apoptosis in diabetic rats by Western blotting and detection of (Figure 7 ). STZ-induced apoptosis in diabetic rats was associated with decreased Bcl-2 expression and increased Bax and cleaved PARP expression at the protein levels; these changes were partially dose-dependently reversed by curcumin. The STZ-induced diabetic condition significantly increased caspase-3 activity. Treatment with curcumin at 100 and 200 mg/kg per day after STZ exposure effectively and dose-dependently inhibited the activity of caspase-3. However, curcumin at 50 mg/kg per day did not affect the activity of caspase-3 compared with that in diabetic rats.
The expression of p(Y14) cav-1 was increased in the kidney of STZ-induced diabetic rats and treatment with curcumin normalized the expression of p(Y14) cav-1
In the present study, we have investigated the effects of curcumin on the expression of p(Y14) cav-1 in the renal cortex of the seven groups ( Figure 8 ). The expression of p(Y14) cav-1 was significantly increased in STZ-induced diabetic rats. In contrast, treatment with curcumin effectively and dosedependently normalized the expression of p(Y14) cav-1.
Discussion
In this study, we showed that HG induced ROS production, oxidative stress, cell apoptosis and cav-1 phosphorylation in podocytes and that treatment with curcumin prevented HGinduced oxidative stress, cell apoptosis and cav-1 phosphorylation. In addition, our data showed that cav-1 phosphorylation was required for HG-induced ROS production, oxidative stress and cell apoptosis in podocytes, indicating that cav-1 functions as a positive regulator in DN. Our study is the first Figure 4 . Effect of phosphorylation of cav-1 on HG-induced ROS generation and podocyte apoptosis. The recombinant plasmid GFP-cav-1 Y14F (mutation at a cav-1 phosphorylation site) was transfected into the podocytes. Eight hours after transfection, the podocytes were then treated with HG for 48 h. Podocytes are inter-connected by slit diaphragms (SDs) that covered the exterior basement membrane surface of the glomerular capillary and maintain the structural integrity of glomerular capillary loops. Recently, several studies have demonstrated that podocyte apoptosis plays a key role in the pathogenesis of DN [19] [20] [21] [22] . Thus, preventing or inhibiting podocyte apoptosis may provide an obvious therapeutic modality for DN treatment.
Effects of GFP-cav-1-Y14F on ROS production (A) and the levels of SOD (B) and MDA (C). (D) Protein expression of Bcl-2, Bax and cleaved PARP was examined by Western blotting and quantitative analysis (E). (F) Effects of GFP
In the present study, HG induced ROS generation and podocytes apoptosis. The increased production of ROS plays a key role in the development and progression of DN [23] . Oxidative stress occurs when ROS affect the balance between oxidative pressure and antioxidant defense. ROS-mediated oxidative stress disturbs the balance between proapoptotic and antiapoptotic Bcl-2 family proteins, leading to an excess of proapoptotic proteins, which are more susceptible to apoptosis [24] . SOD, as one of the enzymatic scavengers of ROS, affects the extent of ROS-induced antioxidative damage, and it can combat the accumulation of ROS and limit oxidative injury [25] . In our study, an increase in ROS-induced damage was found in podocytes under the HG condition. In addition, podocytes exposed to HG showed decreased SOD activity, and this decrease was ameliorated by curcumin treatment. Additionally, lipid peroxidation products, such as MDA, were also detected. The MDA level is usually considered a reflection of cell injury. The present results showed HG induced marked increases in the MDA level in podocytes. However, treatment with curcumin effectively ameliorated the MDA changes. In our in vivo study, we also observed that STZ increased the ROS level in the kidney. Curcumin could attenuate the increase in ROS in this pathophysiological condition in a dose-dependent manner. Furthermore, curcumin treatment dose-dependently increased the SOD activity and decreased the MDA level in In this study, we found that curcumin significantly protected podocytes from apoptosis both in vitro and in vivo. HGinduced podocyte apoptosis was evaluated using the Bcl-2 to Bax ratio, the proteolytic cleavage of poly (ADP)-ribose polymerase (PARP) and the activity of caspase-3. The family of Bcl-2 proteins is involved in programmed cell death due to oxidative stress [24] . Caspase-3 is an abundant cysteine protease, is involved in many forms of apoptosis [26] and mediates the cleavage or degradation of several important substrates. PARP can help cells to maintain their viability, but cleaved PARP facilitates cellular disassembly and is an important determinant of apoptosis [27] . Here, we found that HG induced podocyte apoptosis in a time-dependent manner and that curcumin could prevent HG-induced podocyte apoptosis partly by restoring both the Bcl-2/Bax balance and the PARP/ cleaved PARP balance and inhibiting caspase-3 activation. In our in vivo study, we found increased expression of Bax and cleaved PARP and decreased expression of both Bcl-2 and activated caspase-3 in the renal cortex of diabetic rats. However, treatment with curcumin effectively ameliorated the changes in Bcl-2 family proteins and inhibited the cleavage of PARP and the activation of caspase-3 in a dose-dependent manner.
We have focused on identifying the functional connections between cav-1 and ROS. Cav-1 is a major multifunctional scaf- [28, 29] . Cav-1 is an important regulatory molecule in the kidneys that is primarily expressed in mesangial cells [17, [30] [31] [32] , renal proximal tubule cells [33, 34] and podocytes [35] . Recently, many studies have demonstrated that the functional connections between cav-1 and ROS play a key role in many diseases. Chen et al showed that reduced cav-1 expression correlated with increased ROS production in the adventitia of hypertensive PA [36] . Martinez-Outschoorn et al demonstrated that a loss of stromal cav-1 in fibroblasts was sufficient to induce ROS production and oxidative stress, indicating that a loss of cav-1 provided a feed-forward mechanism for promoting oxidative stress and the autophagic program [37] [38] [39] . Zhang et al showed that glucose-induced ROS generation was significantly attenuated by the chemical disruption of caveolae in knockout mesangial cells [30] . Shiroto et al showed that mitochondrial ROS production was increased in endothelial cells after cav-1 knockdown, and their results established that cav-1 plays a key role in regulating oxidative stress in the endothelium and may represent a critical target in cardiovascular diseases [40] . Chanvorachote and Chunhacha showed that cav-1 regulates the endothelial adhesion of lung cancer cells via a ROS-dependent mechanism [41] . Phosphorylation of cav-1 at tyrosine 14 was first identified in v-Src-transformed cells and facilitated the cav-1 interaction with other proteins in a stimulus-specific fashion [17] . In the present study, we showed that although the level of cav-1 protein did not significantly change, the level of cav-1 Y14 phosphorylation was increased, and the increased cav-1 Y14 phosphorylation was blocked by treatment with curcumin in HG-treated podocytes and in the renal cortex of diabetic rats. A recombinant plasmid GFP-cav-1 Y14F (mutation at a cav-1 phosphorylation site) was transfected into podocytes to further evaluate the effect of cav-1 phosphorylation on HG-induced ROS generation and podocyte apoptosis. GFP-cav-1 Y14F significantly decreased HG-induced ROS generation, increased SOD activity and decreased the MDA level relative to those in cells transfected with the empty vector GFP-C1. Additionally, GFP-cav-1 Y14F also inhibited HG-induced podocyte apoptosis relative to that in cells transfected with the empty vector GFP-C1. These find- In the present study, we used a high glucose level to identify diabetes mellitus. A significant increase in plasma BUN, creatinine and urinary albumin also indicated DN progression. Moreover, we found that curcumin treatment caused the following dose-dependent effects: significant decreases in the urinary albumin excretion and KW/BW and a restoration of the Ccr compared with those in the DM group. The curcumin concentrations used in our rat study were 50, 100 and 200 mg/kg per day, and our results showed that 50 mg/kg per day curcumin did not affect the metabolic parameters, renal histopathological and caspase-3 activity in diabetic rats. Curcumin treatment could dose-dependently limit the ROS increase and prevent apoptosis in diabetic rats. The effects of curcumin at 100 mg/kg per day and 200 mg/kg per day were all significant, so we used 100 mg/kg per day curcumin in our other experiments. Assuming 60 kg body weight per adult, this dose of curcumin is equivalent to 6 g per adult and is similar to the amount of curcumin consumed daily by humans [42] . In summary, our in vitro and in vivo data suggested that curcumin could protect podocytes from HG-induced apoptosis by regulating the functional connections between cav-1 phosphorylation and ROS. These findings strengthen the therapeutic rationale for curcumin use in DN treatment and could also be beneficial in the therapy for other complications of DN.
